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(57) Abstract 

An article comprises a silicon-containing substrate 
and an external environmental/thermal barrier coating. The 
external environment/thermal barrier coating is permeable 
to diffusion of an environmental oxidant and the sili- 
con-containing substrate is oxidizable by reaction with ox- 
idant to form at least one gaseous product. The article 
comprises an intermediate layer/coating between the sil- 
icon-containing substrate and the environmental/thermal 
barrier coating that is oxidizable to a nongaseous product 
by reaction with the oxidant in preference to reaction of the 
silicon-containing substrate with the oxidant. A method 
of fomiing an article, comprises forming a silicon-based 
substrate that is oxidizable by reaction with oxidant to at 
least one gaseous product and applying an intermediate 
layer/coating onto tfie substrate, wherein the intermediate 
layer/coating is oxidizable to a nongaseous product by re- 
action with the oxidant in preference to reaction of the 
silicon-containing substrate with the oxidant. 
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CERAMIC WITH OXIDISABLE LAYER 

This invention was made with goveznznent support under 
Contract No. NAS3-26385 awarded by NASA. The govemnient may liave 
certain rights in the invention. 

5 BACKGROUND OF THE INVENTION 

The invention relates to an article that includes a silicon- 
containing substrate and an intermediate layer/coating with an external 
barrier coating such as a protective environmental /thermal barrier coating 
(E/TBC). 

10 Silicon-containing substrates have been proposed for structures 

used in high temperature applications, such as in heat exchangers and 
advanced internal combustion engines. Silicon-containing substrates are also 
used in gas turbine engines. Higher operating temperatures increase the 
efficiency of gas turbine engines. Silicon-based composite ceramics have been 

15 proposed as materials for applications in combustors for siq>ersonic 
commercial airplanes. However, in many applications involving water- 
containing environments, a silicon-based substrate will recede and lose mass 
because of the formation of volatile spedes, such as silicon hydroxide 
[Si(OH)4]. The recession rate due to the volatilization or corrosion is often 

20 unacceptably high so tiiat an external barrier coating such as an 
environmental/thermal barrier coating (E/TBC) with high resistance to such 
environments is required. 

The external barrier coating can be an environmental/thermal 
barrier coating (E/TBC) that comprises a chemically stabilized zirconia, such 
25 as yttria stabilized zirconia. These coatings are capable of preventing the 
substrate materials from being in direct contact with environmental oxygen 
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that diffuses through the coatings fairly rapidly and reaches the underlying 
siUcon-containing substrate. Oxidation of the silicon-containing substrate 
involves the formation of various gaseous products. For example, the 
following equations demonstrate the attack on siUcon carbide (SiC) and 
5 silicon nitride (Si3N4): 

SiC(s) + 02(g) -» Si02(s) + COx(g) (x=U) 

Si3N4(s) +02(g) Si02(s) + NOx(g) (x=0 J-3) 

The form of the gaseous products is dependent on the oxygen 
partial pressure in the system. These gaseous species have low solubiUty and 
10 diffusivity in silica (SiOi) and in other oxides, which causes them to be 
trapped at the external coating/substrate interface to form voids. The 
pressure of the gases in the voids can be sufficiently high at elevated 
temperatures to cause bursting. Voids can also interconnect to form large 
unbounded interfadal regions that result in coating spallation. 

1 5 -nius, there is a need to prevent formation of gaseous oxidation 

products at an interface region between an environmental/thermal barrier 
coating (E/TBC) and a silicon-based substrate. 

SUMMARY OF THE INVENTION 

The present invention provides an article that prevents or 

20 substantially diminishes the formation of gaseous products at a coating- 
substiate interface. The invention is an article that comprises a silicon- 
containing substrate and at least one external environmental/thermal barrier 
coating. The external environmental /thermal barrier coating(s) is permeable 
to diffusion of environmental oxidant and the substrate is oxidizable by 

25 reaction with the oxidant to form at least one gaseous product. The artide 
comprises an intermediate layer/coating between the siUcon-containing 
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substrate and the external environmental /thermal barrier coating(s) that is 
oxidizable to a nongaseous product by reaction with the oxidant in preference 
to reaction of the silicon-containing substrate with the oxidant. 

In another aspect, the invention relates to a method of forming 
5 an article, comprising forming a silicon-containing substrate that is oxidizable 
by reaction with oxidant to form at least one gaseous product and applying 
an intermediate layer/coating onto the silicon-containing substrate, wherein 
ttie intermediate layer/coating is oxidizable to form a nongaseous product by 
reaction with the oxidant in preference to reaction of the silicon-containing 
1 0 substrate with the oxidant. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a photomicrograph for an article without an 
intermediate layer/coating; 

FIG. 2 is a photomicrograph for an article with an intermediate 
1 5 layer /coating; and 

FIG. 3 is another photomicrograph for an article with an 
intermediate layer/ coating formed by silicon melt infiltration. 

DETAILED DESCRIPTION OF THE INVENTION 

According to the invention, an article comprises a silicon- 
20 containing substrate and an intermediate layer/coating. The invention 
further comprises at least one external environmental/thermal barrier 
coating(s) applied to the intermediate layer/coating. The intermediate 
layer/coating prevents the formation of gaseous products that form voids at 
the external environmental/thermal barrier coating-substrate interface. The 
25 voids can burst and can interconnect to form large unbounded interfacial 
regions. This can result in coating spallation and depreciated bonding 
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between the silicon-containing substrate and the external environmental/ 
thermal barrier coating(s). 

According to the invention, an intermediate layer/coating is 
provided to reduce the gaseous products that would otherwise be emitted by 
5 reaction of the silicon-contaiiung substrate with oxidants. The intermediate 
layer /coating preferentially reacts with oxidants to form non-gaseous 
products. 

The intermediate layer/coating can comprise any suitable 
inorganic compound that will preferentially react with oxidants to form a 

10 non-gaseous product. Examples of intermediate layers/coatings include, 
elemental silicon (Si), silicon with one or more additional phases such as 
silicon carbide (SiC) or silicon nitride (SbN4) or silicon carbide and silicon 
nitride to enhance thermal or mechanical properties, and silicon-alloys such 
as silicon aluminum (Si-Al), silicon chromium (Si-Cr), silicon magnesiimi (Si- 

15 Mg), silicon calcium (Si-Ca), silicon molybdenum (Si-Mo) and silicon titanium 
(Si-Ti). The silicon-alloy is chosen so that permeability of oxidants through 
the oxidation product of the alloy is low (compared to silica) in order to 
prevent rapid oxidation of the intermediate layer/ coating. Preferably, the 
intermediate layer/coating comprises silicon. 

20 The thickness of the silicon intermediate layer/coating can be 

estimated based on the data of B. E. Deal and A. S. Grove, "General 
Relationship for the Thermal Oxidation of Silicon/' /. Appl Phys., 36 [12] 3770- 
78 (1965) on the oxidation of silicon. The results are summarized in Table 1. 
The calculations were performed for silicon oxidation in dry oxygen (O2) 

25 environment, assuming water (H2O) in the combustion gas will not permeate 
through the oxide coating. The time for oxidation at high temperatures 
(1100-1400C) is 4,500 hours. Therefore, if a dense uniform layer/coating of 
silicon can be applied, a coating thickness of about 0.5 mil (12.7pm) wUl 
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stiffice for a 4,500 hot hour application below about 14000C. A thickness of 
about 1-2 mil, however, may be more practical. 

Table 1 

Thickness of Silicon Oxidized at Different 
5 Temperatures for 4,500 Hours 



Ch Diffusivity Thickness of Thickness of Si 
(|im2/hr) Si02 formed oxidized (pm) 



Temperatvire 
(?C) 




i\im) 




1100 


0.027 


11.0 


4.8 (0.1 nul) 


1200 


0.045 


142 


63 (0.2 roil) 


1300 


0.075 


18.4 


8.1 (0.3 mil) 


1400 


0.136 


24.7 


10.9 (0.4 mil) 



Suitable silicon-containing substrates include silicon carbide 
(SiC) and silicon nitride (Si3N4)/ as well as silicon alloys such as niobium 
silicon alloys, molybdenum silicon alloys and the like. The silicon-containing 

10 substrate can be a monolith or composite. A composite can comprise a 
reinforcing fiber, particulate or whisker and a silicon-based matrix. 
Exemplary fibers, particulate or whiskers are silicon carbide-containing, 
carbon-containing, silicon-containing, or mixtures thereof. The fibers, 
particulate or whiskers optionally can have at least one coating, such as a 

15 silicon nitride, silicon boride, or silicon carbide coating. The matrix can be 
processed by melt infiltration (MI), chemical vapor infUtration (CVI) or other 
technique. Exemplary silicon-containing substrates include a monolifliic 
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sUicon carbide (SiC) and siUcon nitride (Si3N4), a siUcon carbide (SiC) fiber- 
reinforced siUcon carbide (SiC) matrix composite, carbon fiber-reinforced 
SiUcon carbide (SiC) matrix composite, and a siUcon carbide (SiC) fiber- 
reinforced SiUcon nitride (Si3N4) composite. The preferred substrate 
5 comprises a siUcon carbide (SiC) fiber-reinforced siUcon-sUicon carbide (Si- 
SiC) matrix composite processed by siUcon melt infiltration. 

Exemplary of external environmental/ thermal barrier coatings 
are chemicaUy stabUized zirconias, alumina, and alumina sUicate witii or 
without bond coatings. ChemicaUy stabiUzed zirconias include ytbia 

10 StabiUzed zirconia, scandia stabUized zirconia, calda stabUized zirconia, and 
magnisia stabUized zirconia. Exemplary bond coats are muUite, modified 
muUite, MCrAlY where M is nickel, Uon, cobalt, nickel and cobalt, and 
mixtures thereof. Modified muUite comprises muUite and a modifier 
component. Modifier components for muUite include aUcaUne earth 

15 aluminosUicate, with the formula MO«Al203*2Si02, where M is an alkaUne 
earth element. Preferred modifier components of the formula 
MO«Al2Cb*2Si02 include barium feldspar (BaO«Al203»2SiC)2), strontium 
feldspar (SrO»Al203»2Si02), and combinations of barium feldspar 
(BaO»Al203»2Si02), and strontium feldspar (SrO»Al203*2Si02). Preferably, 

20 the alkaUne earth aluminosiUcate has a monocUnic celsian crystalUne phase. 
Most preferred aluminosiUcates include (BaO)o.75(SrO)o.25«Al203»2Si02 
referred to as BSAS, CaO»Al203»2Si02 referred to as CAS and 
BaO»Al203«2Si02. Other suitable modifiers include materials referred to as 
NZP's such as NaZr2P30i2, Ba1.25Zr4P5.5Sio.5O24, Cao.sSro.sZr4(P04)6 and 

25 Cao.6Mgo.4Sr4 (P04)6. Other preferred modifier components include yttrium 
sUicates, caldum alvuninates including 3Cao5«5 AI2O3, aluminum titanates 
including Al203»Ti03, cordierite (2MgO«Al203*5 SiCb), fused sUica (SiOz) 
and sUicon (Si). These materials are also chemically compatible with muUite. 
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The modifier components may be added to the modified mullite 
coating in a percent volume range between about 5 to about 50. Preferably, 
the modifier component is present in about 10 to about 30 volume percent of 
the modified mullite coating and most preferably in about 15 to 25 volume 
5 percent 

Preferably/ the intermediate layer/coating comprises silicon and 
is applied between a silicon carbide (SiC) or silicon nitride (Si3N4) substrate 
and an external environmental/thermal barrier coating such as yttria- 
stabilized zirconia with a modified mullite bond coating. 

1 0 The article of the invention may be used as a discrete composite 

article such as a gas turbine engine part. 

When the intermediate layer/coating comprises silicon, the 
silicon preferentially reacts with oxygen to form a non-gaseous product to 
reduce the formation of voids that would otherwise deteriorate the bond 

15 between silicon-containing substrate and the environmental/thermal barrier 
coating(s). Additionally, the resulting silicon oxide (Si02) has a low oxygen 
permeability. Hence, the intermediate layer/coating acts as a protective 
barrier that deters permeation of oxygen into the substrate layer by at least 
two mechanisms. The source of gas generation is eliminated and voids are 

20 prevented that would otherwise accumulate at the interface between the 
external coating and silicon-containing substrate. Further, the product of the 
preferential reaction provides a barrier to permeation of unreacted oxygen 
into the silicon-containing substrate. 

A silicon intermediate layer/coating can provide additional 
25 advantages. Silicon has a coefficient of thermal expansion (CTE) similar to 
that of silicon carbide (SiC) and mullite. Hence, an intermediate silicon 
layer /coating can minimize thermal stresses between the 
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environmental/thermal barrier coating(s) and the silicon-containing substrate 
when used in combination with a silicon carbide (SiC) substrate and a mullite 
bond coating or external environmental/thermal barrier coating(s). A 
preferred article of tihe present invention comprises a silicon-containing 
5 substrate that is a melt infiltrated silicon-silicon carbide (Si/SiC) matrix 
reinforced with silicon carbide (SiC) fibers and an intermediate layer/coating 
that comprises silicon. An external environmental/thermal barrier coating(s) 
such as a bond coat (for example, mullite, MCrAlY where M can be nickel, 
iron, cobalt, and mixtures thereof) and a yttria stabilized zirconia is applied to 

10 the intermediate silicon layer/coating. The matrix of a melt infiltrated 
silicon-silicon carbide (Si/SiC) composite comprises about 10-20 volume 
percent (vol%) residual silicon. This residual substrate silicon reduces the 
coefficient of thermal expansion (CTE) mismatch between the silicon- 
containing substrate and the silicon intermediate layer/coating. In this 

15 embodiment, the silicon intermediate layer /coating can be applied as an 
extension of the infiltration process in which excess silicon infiltrate is used to 
build up a silicon or silicon-rich layer/coating on the silicon-containing 
substrate's surface. Also, the silicon intermediate layer/coating can be 
applied by simply dipping the silicon-containing substrates into a silicon 

20 melt. Both applications provide a dense and uruform silicon layer/coating on 
the silicon-containing substrate's surface. The external 
environmental/ thermal barrier coating can then be applied directly onto the 
intermediate silicon layer/coating without any major treatment. 
Preoxidation of the silicon layer /coating to form a top silicon oxide (SiOa) 

25 layer can improve bonding of oxide external barrier coatings. The 
intermediate layer/coating can also be applied by chemical vapor deposition 
(CVD), thermal spray, a solution based technique or other method. 

When the external environmental /thermal barrier coating is an 
oxide that has a larger coefficient of thermal expansion (CTE) than the silicon- 
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containing substrate, stresses can arise during temperature changes such as 
diiring start-up or shut down or as a result of 'hot-spots" in the coating at 
high temperahires (above about lOOOC). Thermal stresses are a main cause of 
coating failure and bond coat failure in ttiese articles. The intermediate 

5 layer /coating of the invention is of particular advantage when used with 
these articles since it also serves as a stress-relieving compliant zone. Silicon 
deforms plastically at temperatures higher than about 600C (while 
maintaining a shear strength over 10 Mpa). This plasticity reduces thermal 
stresses exerting on the layer/coating, and hence improves layer/coating life 

10 span. 

In another aspect of the invention, the capability of an 
intermediate layer/coating can be customized to withstand a higher 
temperature diffused through an external barrier coating by using a silicon- 
alloy layer/coating or by adding a refractory second phase into a silicon 

15 intermediate layer /coating. Silicon-based refractories, silia>n carbide (SiC) 
and silicon nitride (Si3N4) can be used for this purpose so long as the 
proportion of silicon carbide (SiC) and silicon nitride (Si3N4) is limited so that 
the purpose of eliminating gas generation is not defeated. Generally, the 
volume percent of silicon carbide (SiC) and silicon nitride (Si3N4) should be 

20 limited to about 20 percent or less. Ottier non-gas generating refractory 
phases, such as silicon oxide (Si02) and aluminum oxide (AI2O3), may also be 
used provided that they do not deteriorate the oxidation resistance of the 
intermediate layer/coating. 

Fiber-reinforced silicon carbide (SiC) matrix compositions can 
25 have a CVD silicon carbide (SiC) overcoat to protect the fibers and matrices. 
In accordance with the present invention, some or all of the silicon carbide 
(SiC) can be replaced with the silicon or silicon-alloy intermediate 
layer/coating. Silicon has a coefficient of thermal expansion (CTE) lower 
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than that of silicon carbide (SiC). Hence, the intermediate layer/coating of 
the invention can comprise a graded layer/coating with higher silicon 
carbide (SiC) concentration at an intermediate layer/coating-substrate 
interface than at the interface between the intermediate layer/coating- 
5 external environmental /thermal barrier coating interface. The silicon 
concentration is greater toward the external environmental/thermal barrier 
coating-intermediate layer/coating interface than at the interface between the 
intermediate layer/coating-substrate interface. The final strata of the 
intermediate layer /coating will consist essentially of silicon. Codeposition of 
10 silicon and silicon carbide is possible, e.g., by controlling the 
hydrogen/silicon (H/Si) ratio when silicon tetrachloride (CHsSiCb) and 
hydrogen are used. 

The following examples are for illustration of the invention only 
and do not limit the scope of the present invention. 

15 EXAMPLE 1 

In these examples, an intermediate layer/coating was applied to 
a silicon carbide (SiC) fiber-reinforced melt-infiltrated silicon-silicon carbide 
(Si-SiC )matrix. A 60vun thick silicon intermediate layer/coating was 
deposited at 1100 C with SiCl2H2and hydrogen for about 50 minutes at about 
20 0.9 Torr pressiire. A plasma mullite bond coat about 1-2 mil thick, was 
deposited with a plasma yttria stabilized zirconia top coat that was about 1 
mil thick- The coating was subjected to oxidation testing at 1300 C for about 
200 hours. 



wo 99/58472 



11 



PCT/US99/0903S 



The results of comparison between the coatings with the silicon 
intermediate layer/coating and without the silicon intermediate 
layer/coating are shown in the SEM micrographs, where Figure 1 is without 
the siUcon intermediate layer/coating and Figure 2 is with the siUcon 
5 intermediate layer/coating. 

After oxidation at 1300 C for 200 hours in air, the sample 
without the silicon intermediate layer/coating exhibited severe pore 
formation and debonding at the coating/substrate interface. The sample with 
the siUcon intermediate layer/coating showed good bonding between the 
10 silicon intermediate layer/coating and siUcon-containing substrate and 
between the silicon intermediate layer and external environmental/thermal 
barrier coating. No pore formation or debonding was seen at the coating-Si 
intermediate layer/coating interface. 

EXAMPLE 2 

15 In another example, a silicon intermediate layer/coating was 

appUed by melt infUtration to the surface of a silicon carbide (SiC) fiber- 
reinforced melt infiltrated silicon-silicon carbide (Si-SiC) matrix composite. A 
yttria stabilized zirconia (YSZ)-mullite environmental/thermal barrier 
coating was appUed to the intermediate siUcon layer/coating. Figure 3 shows 

20 good bonding between all layers. 

The Examples show that an intermediate siUcon layer/coating 
can improve bonding and avoid the formation of gaseous oxidation products 
at an interface region between an environmental/ thermal barrier coating 
(E/TBC) and a siUcon-contaiiung substrate. 
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WHAT IS CLAIMED: 

1 . An article, comprising: 

a silicon-containing substrate that is oxidizable by reaction with 
an oxidant to at least one gaseous product; and 

5 an intermediate layer/coating applied onto said substrate, 

wherein said intermediate layer/coating is oxidizable to form a nongaseous 
product by reaction with said oxidant. 

2. The article of claim 1, comprising a silicon-containing substrate 
and an external environmental /thermal barrier coating, wherein said external 

10 environmental/thermal barrier coating is permeable to diffusion of an 
environmental oxidant and said substrate is oxidizable by reaction with said 
oxidant to form at least one gaseous product; and 

an intermediate layer/coating between said substrate and said 
environmental/thermal barrier coating that is oxidizable to form a non- 
1 5 gaseous product by reaction with said oxidant. 

3. The article of claim 1, wherein said substrate is silicon carbide or 
silicon nitride monolith or composite. 

4. The article of claim 2, wherein said external 
environmental/thermal barrier coating comprises yttria-stabilized zirconia, 

20 scandia-stabilized zirconia, calda-stabilized zirconia, magnesia-stabilized 
zirconia, alumina, alumina silicate or mixtures thereof. 

5. The article of claim 1, wherein said intermediate layer/coating 
is silicon or a silicon-containing alloy. 

6. The article of claim 5, wherein said silicon containing alloy is 
25 selected from the group consisting of silicon aluminum (Si-AI), silicon 
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chromium (Si-Cr), siUcon magnesium (Si-Mg), siUcon calcium (Si-Ca), siUcon 
molybdenum (Si-Mo) and silicon titanium (Si-Ti). 

7. The article of claim 1, wherein said intermediate layer/coating 
comprises siUcon and an additional phase to enhance thermal or mechanical 

5 properties. 

8. The article of claim 7, wherein said additional phase comprises 
silicon carbide or siUcon nitride. 

9. The article of claim 1, wherein said substrate comprises siUcon 
carbide (SiC), silicon nitride (Si3N4), siUcon carbide (SiC) fiber-reinforced 

1 0 sUicon carbide (SiC) matrix composite, carbon fiber-reinforced sUicon carbide 
(SiC) matrix composite or a siUcon carbide (SiC) fiber-reinforced siUcon 
nitride (Si3N4) composite. 

10. The article of claim 1, wherein said substrate comprises a sUicon 
carbide (SiC) fiber-reinforced silicon-siUcon carbide (Si-SiC) matrix composite 

15 processed by silicon melt infiltration. 

11. The article of claim 2, comprising a sUicon-containing substrate 
having a lower coefficient of thermal expansion than the coefficient of 
thermal expansion of said external environmental /thermal barrier coating 
and said intermediate layer/coating reduces thermal stress between said 

20 substrate and said external enviroiunental/ thermal barrier coating. 

12. The article of daim 11, wherein said intermediate layer/coating 
comprises siUcon. 

13. The article of daim 2, wherein said substirate comprises sUicon 
carbide (SiC) and said intermediate layer/coating comprises a graded 

25 layer/coating with higher siUcon carbide (SiC) concenhration at an 
intermediate layer/coating-subsfa-ate interface than at an intermediate 
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layer/coating-extemal environmental/thermal barrier coating interface and 
increasing silicon concentration at an interface between the 
environmental/thermal barrier coating and the intermediate layer/coating. 

14. The article of daim 2, wherein said substrate is a silicon-based 
nonoxide ceramic matrix composition formed by silicon melt infiltration and 
said intermediate layer/coating is silicon. 

15. The article of daim 2, comprising a silicon carbide (SiC) fiber- 
reinforced melt-infiltrated silicon-silicon carbide (Si-SiC) matrix substrate, a 
mullite-bonded yttria stabilized zirconia external environmental/thermal 
barrier coating and a silicon intermediate layer/coating. 

16. The artide of claim 1 shaped into an engine part. 

17. An artide comprising a sihcon-contairung substrate formed into 
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19. The method of claim 18, comprising applying said intermediate 
layer/coating by chemical vapor deposition, melt infiltration, thermal spray 
or solution-based techniques. 

20. The method of claim 18, further comprising applying an 
5 external environmental/thermal barrier coating, onto said intermediate 

layer /coating, wherein said extenwl environmental/diermal barrier coating 
is permeable to diffusion of said oxidant. 

21. The method of daim 20, wherein said substrate is a silicon 
carbide (SiC) substrate, comprising applying a sUicon intermediate 

10 layer/coating onto said substrate to reduce thermal stress between said 
substrate and said external environmental/lhennal barrier coating. 

22. The mediod of daim 20, comprising applying said silicon 
intermediate layer/coating as a graded coating with higher silicon carbide 
(SiC) concentration at an intermediate layer/owting-substrate interface than 

15 at an intermediate layer/coating-extemal environmental/thermal barrier 
coating interface and increasing silicon concentration at an interface between 
the environmental/thermal barrier coating and the intermediate 
layer/ coating. 

23. The method of daim 20, wherein said substrate has a lower 
20 coeffident of thermal expansion than the coeffident of thennal expansion of 

said external environmental/themwl barrier coating, comprising applying an 
intermediate layer/coating onto said substrate to reduce thermal stress 
between said substrate and said external environmental/thermal barrier 
coating. 

25 24. The method of claim 23, wherein said intermediate 

layer /coating comprises silicon. 
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25. A method of improving the bond strength of an article, 
comprising: providing a silicon-based nonoxide substrate for application of 
an external environmental/thermal barrier coating, wherein said external 
environmental/ thermal barrier coating is permeable to diffusion of an 

5 environmental oxidant and said substrate is oxidizable by reaction with said 
oxidant to form at least one gaseous product; and 

applying an intermediate layer/coating onto said substrate, 
wherein said intermediate layer is oxidizable to a nongaseous product by 
reaction with said oxidant in preference to reaction of said substrate with said 
10 oxidant. 

26. A method of forming an article, comprising: 

providing a silicon-silicon carbide substrate containing silicon 
carbide-containing fibers and said substrate ha^g an external yttria- 
stabilized zirconia coating; and 

15 applying a silicon intermediate layer /coating onto said 

substrate, wherein said intermediate layer is oxidizable to a nongaseous 
product by reaction with said oxidant in preference to reaction of said 
substrate with said oxidant. 

27. A method according to claim 26 where the external 
20 enviroiunental/thermal barrier coating further comprises a bond coat. 

28. A method according to claim 27 where the bond coat is mullite, 
modified mullite or MCrAlY where M is nickel, iron, cobalt, or mixtures 
thereof. 

29. A method according to claim 28 where tiie mullite coating 
25 comprises a modifier component 
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30. A metiiod according to claim 29 where ttie modifier (mmponent 
is selected from the group consisting of alkaline earth aluminosiUcate having 
a formula MO»A1203»2Si02, where M is an alkaline earth element, yttrium 
silicates (YS), calcium aluminates, aluminum titaiuites, cordierite, fused silica, 

5 silicon, NaZr2P3012, Bal.25Zr4P5.5Si0.5O24, Ca0.5Sr05Zr4(PO4)6, 
Ca0.6Mg0.4Sr4 (P04)6 and mixtures thereof. 

31. A metiiod according to claim 30 where the formula 
MO»A1203»2Si02 includes barium feldspar (BaO*A1203*2Si02), strontium 
feldspar (SrO-A1203»2Si02), and combinations of barium feldspar 

10 (BaO»A1203«2Si02), and strontium feldspar (SrO»A1203»2Si02). 

32. A method according to daim 30 where the aluminosilicates 
include (BaO)0.75(SrO)0.25-A12O3»2SiO2 (BSAS) and CaO«Al203«2Si02 
(CAS) or combinations tiiereof. 

33. The article of claim 4 where the external envirorunental/ thermal 
1 5 barrier coating further comprises a bond coating. 

34. The article of claim 33 where the bond coating comprises 
muUite, modified mullite or MCrAlY where M is nickel, iron, cobalt, or 
mixtures thereof. 

35. The article of daim 34 where the mullite coating comprises a 
20 modifier component. 

36. The artide of daim 35 where the modifier component is selected 
from the group consisting of alkaline earth aluminosilicate having a formula 
MO»A1203»2Si02, where M is an alkaUne eardi element, yttrium silicates 
(YS), caldum aliuninates, aluminum titanates, cordierite, fused silica, silicon, 

25 NaZr2P3012, Bal.25Zr4P5.5Si0.5O24, Ca0.5Sr0.5Zr4(PO4)6, Ca0.6Mg0.4Sr4 
(P04)6 and mixtures thereof. 
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37. The article of claim 36 where ttie formula MO*A1203»2Si02 
includes barium feldspar (BaO»A1203»2Si02), strontium feldspar 
(SiO»Al203»2Si02), and combinations of barium feldspar 
(BaO« Al203»2Si02), and strontiimi feldspar (SrO* Al203«2Si02). 

38. The article of claim 37 where the aluminosilicates include 
(BaO)0.75(SrO)0.25«AI2O3«2SiO2 (BSAS), CaO»A1203«2Si02 (CAS) or 
combinations thereof. 

39. An article, comprising: 

comprising a silicon carbide (SiC) fiber-reinforced melt-infiltrated 
silicon-silicon carbide (Si-SiC) matrix substrate, a mullite bond coating, a 
yttria stabilized zirconia external environmental/ thermal barrier coating and 
a alicon intermediate layer/ coating. 

40. The article of daim 39 where the mullite coating comprises a 
modified component. 

41. The article of daim 40 where modified component comprises 
(BaO)0.75(SrO)0.25«A12O3«2SiO2 (BSAS), CaO«A1203-2Si02 (CAS) or 
combinations thereof. 



wo 99/58472 



1/2 



PCT/US99/09035 




Fig. / 




CORRECTED 
VERSION* 



PCX 



WORLD INTELLECTUAL PROPERTY ORGANEATION 
Internationa] Bureau 




INTERNATIONAL APPLICATION PUBUSHED UNDER THE PATENT COOPERATION TREATY (PCT) 



(51) International Patent Classification ^ 
€046 41789 



A3 



(11) International PubllcaUon Number: WO 99/58472 

(43) International Publication Date: 18 November 1999 (18.11.99) 



(21) International ApplicaUon Number: PCTAJS99/09035 

(22) Internattonal Filing Date: 27 April 1999 (27.04.99) 



(30) Priority Data: 
60/083^ 
Not furnished 



27 April 1998 (27.04.98) US 
26 April 1999 (26.04.99) US 



(71) Applicant: GENERAL ELECTRIC COMPANY [USAJS]; 1 
River Road. Schenectady. NY 12345 (US). 

(72) Inventors: WANG. Hongyu; 195 Oxford Way, Niskayuna, NY 
12309 (US). LUTHRA, Krishan, Lai; 780 Red Oak Drive, 
Schenectady, NY 12309 (US). 

(74) Agents: CHASKIN, Jay, L. et al.; General Electric Company, 
3135 Easton Turnpike W3C, Fairfield. CT 06431 (US). 



(81) Designated States: CZ, JP, KR, European patent (AT, BE, CH„ 
CY, DE. DK, ES, FI, FR, GB. GR. IE, IT, LU, MC, NL, PT. 
SE). 

Published 

With international search report. 

Before the expiration of the time limit for amending the claims 
and to be republished in the event of the receipt of amendments. 

(88) Date of publication of the international search report: 

16 March 2000 (16.03.00) 



(54) Title: CERAMIC WITH OXIDISABLE LAYER 
(57) Abstract 

An article comnrises a silicon-containing substrate and an external environmentalAhermal barrier - coating. The external 
envin,^^en^^L^^^ to diffusion of an environmental oxidant and ^^jjl^^^^^ 

b^ Son with oxidant to form at least one gaseous product. The article comprises an mtcrmediatc iayer/coating between the alicon- 
ISg siTir^^^^ env^onmental/ther^al barrier coating that is oxidizable to a nongaseous pmduct by -^^J^^'^^^^^ 

to rLion of the silicon-containing substrate with the oxidant A method of formmg an article comprises formmg ^ snicon-b^^ 
Krth^^xiS^^^^ by reaction with oxidant to at least one gaseous product and W ymg an mtermediate la^^^^ 
^bS, when^in the intermediate layer/coating is oxidizable to a nongaseous product by reaction with the oxidant m preference to reaction 
of the silicon-containing substrate with the oxidant 



'(Refemd to in PCT Gazette No. 6/2000, Section II) 



FOR THE PURPOSES OF INFORMATION ONLY 



Codes used to identify States party to the PCT on the front pages of pamphlets publishing international applications under the PCX. 



AL 


Albania 


ES 


Spain 


LS 


Lesotho 


SI 


Slovenia 


AM 


Annenia 


FI 


Finland 


LT 


Lithuania 


SK 


Slovakia 


AT 


Austria 


FR 


France 


LU 


Luxembourg 


SN 


Senegal 


AU 


Australia 


GA 


Gabon 


LV 


Latvia 


sz 


Swaziland 


AZ 


Azerbaijan 


GB 


United Kingdom 


MC 


Monaco 


TD 


Chad 


BA 


Bosnia and Herzegovina 


GE 


Georgia 


MD 


Republic of Moldova 


TG 


Togo 


BB 


Barbados 


GH 


Ghana 


MG 


Madagascar 


TJ 


Tajikistan 


BE 


Belgium 


GN 


Guinea 


MK 


The finrmer Yugoslav 


TM 


Ttnfcmenistan 


BF 


BuifclnaFaso 


OR 


Greece 




Republic of Macedonia 


TR 


Ttaikey 


BG 


Bulgaria 


HU 


Hungary 


ML 


Mali 


TT 


Trinidad and Tobago 


BJ 


Benin 


IE 


Irehmd 


MN 


Mongolia 


UA 


Ukraine 


BR 


Brazil 


IL 


Israel 


MR 


Mauritania 


VG 


Uganda 


BY 


Belarus 


IS 


Iceland 


MW 


Malawi 


US 


United States of America 


CA 


Canada 


IT 


Italy 


MX 


Mexico 


uz 


Uzbekistan 


CF 


Central African Republic 


JP 


Japan 


NE 


Niger 


VN 


Vict Nam 


CG 


Congo 


K£ 


Kenya 


NL 


Netherlands 


YU 


Yugoslavia 


CH 


Switzerland 


KG 


Kyrgyzstan 


NO 


Norway 


zw 


Zimbabwe 


CI 


Cdce d*Ivoire 


KF 


l>emocratic People's 


NZ 


New Zealand 






CM 


Cameroon 




Republic of Korea 


PL 


Poland 






CN 


China 


KR 


Republic of Korea 


FT 


Portugal 






CU 


Ctaba 


KZ 


Kazakstan 


RO 


Romania 






CZ 


Czech Republic 


LC 


Saint Lucia 


RU 


Russian Federation 






DB 


Germany 


LI 


Liechtenstein 


SD 


Sudan 






DK 


Denmark 


LK 


Sri Lanka 


SE 


Sweden 






BE 


Estonia 


LR 


Liberia 


SG 


Singapore 







INTERNATIONAL SEARCH REPORT 



Ifite .onai Application No 

PCT/US 99/09035 



A. CLASSIFICATION OF SUBJECT MATTER 

IPC 6 C04B41/89 



Accortirvg to Intemational Patent Classification (IPC) or to both nationai dassiflcation and IPC 



B. FIELDS SEARCHED 



Minimum documentation searched (classJllcation system fonowed by classification symbols) 

IPC 6 C04B 



Documentation searched other than minimum documentation to the extent that such documents are included In the fields searched 



Electronic data base consulted during the intemational search (name of data base and, where practical, search terms used) 



Category " 


Cttation ol document with Indication, wh«r» appropriate, ot the relevant passages 


Relevant to claim No. 


X 


US 5 683 824 A (KOBAYASHI HIROMICHI ET 


1-4,9, 




AL) 4 November 1997 (1997-11-04) 


11.12, 




16-20, 






23-25, 






33.34 


A 




8,10,14, 






15.21, 






22. 






26-28,39 




claims; examples; tables 






column 2, line 10 - line 13 






column 1, line 39 - line 63 






column 2, line 60 - line 62 






~ -/-- 





Further documents are listed in the continuation of box C 



Patent family members are listed in annex. 



* Special categories of cited documents : 

"A* document defining the general state ot the art which is not 

considered to be of particular relevance 
"E* earlier document but published on or after the international 

filing date 

"L" document which may throw doubts on priority clalm(8)or 
which is cited to establish the publication date of another 
citation or other special reason (as specified) 

"0" document referring to an oral disclosure, use. exhibition or 
other means 

*P" document pi^llshed prior to the Intemational filing date but 
later than the priority date claimed 



•X' 



later document published after the intemational filing date 
or priority date arxl not in contiict with the application but 
cited to understand the principle or theory underlying the 
invention 

document of particular relevance; the claimed invention 
cannot be considered novel or cannot be considered to 
Involve an inventive step wiien the docuntent is tal<en alone 
Y" document of particular relevance; the claimed invention 
cannot be considered to involve an Inventive step when the 
document is combined with one or more other such docu> 
ments, such combination being obvious to a person skilled 
in the art. 

document member of the same patent family 



Date of the actual completion of the international search 

26 January 2000 


Date ol ntainng of the International search report 

02/02/2000 


Name and mailing address of the ISA 

European Patent Office, P.B. 5818 Patentlaan 2 
NL-2280HVRi{swiil( 
Tel. (431-70) 340-2040. Tx. 31 651 epo nl, 
Fax: (431-70) 340-3016 


Authorized officer 

Rosenberger, J 



Foim PCT/ISAai 0 (Moond sheet) (July 1992) 



page 1 of 2 



INTERNATIONAL SEARCH REPORT 



Inter ^nol Application No 

PCT/US 99/09035 



C.(Contlnuation) DOCUMENTS CONStDERED TO BE RELEVANT 



Category * 



CUatlon of documeni. with Indication, whore appropnate. ot the felevant passages 



Relevant to daim No. 



EP 0 310 043 A (GTE LABORATORIES INC) 
5 April 1989 (1989-04-05) 



claims 1,9,10 
page 1, line 22 - line 41 
page 6, line 49 - line 51 

EP 0 427 294 A (SHINETSU CHEMICAL CO) 
15 May 1991 (1991-05-15) 



abstract 

page 1, line 31 - line 36 

page 2, line 15 - line 24 

page 4, line 29 - line 37 



1-4,9. 
11. 

16-20, 

23,25,33 

10,13, 

15,21, 

22, 

26-28, 
34.39 



1-3,5, 

7-9,11, 

12, 

16-21. 

23-25 

10, 

13-15, 
22,26, 
27,33,39 



Forni PCT/ISAS10 (oontmuatfon of sooond shset) (July 1 MS) 



page 2 of 2 



INTERNATIONAL SEARCH REPORT 

Infonnatlon on patent family members 



Inte onai Application No 

PCT/US 99/09035 



Patent document 
cHed in search report 



Publlcaiion 
data 



Patent tamily 
mefliber(s) 



Publication 
dale 



US 5683824 



EP 0310043 



04-11-1997 



JP 
US 



8073288 A 
5897916 A 



05-04-1989 



AU 
CA 
JP 
US 
US 



2211488 
1333763 
1108187 
4950558 
5035923 



19-03-1996 
27-04-1999 



06-04-1989 
03-01-1995 
25-04-1989 
21-08-1990 
30-07-1991 



EP 0427294 A 15-05-1991 JP 3153876 A 01-07-1991 

US 5229193 A 20-07-1993 



tarn PCT/ISASIO (pUMM iMrty arma) Uuty 



CORRECTED 
VERSION* 



WORLD INTELLECTUAL PROPERTY ORGANIZATION 
International Bureau 




PCX 

INTERNATIONAL APPLICATION PUBUSHED UNDER THE PATENT COOPERATION TREATY (PCT) 



(SI) International Patent Classiflcation ^ : 
C04B 41/89 



A2 



(11) International Pubiication Number: WO 99/58472 

(43) International Publication Date: 18 November 1999 (18.1 1.99) 



(21) International Application Number: PCnyUS99/0903S 

(22) International Filing Date: 27 April 1999 (27.04.99) 



(30) Priority Data: 
60/083.207 
Not furnished 



27 April 1998 (27.04.98) US 
26 April 1999(26.04.99) US 



(71) AppMcant: GENERAL ELECTRIC COMPANY [USAJS]; 1 

River Road. Schenectady. NY 1234S (US). 

(72) Inventors: WANG, Hongyu; 195 Oxford Way, Niskayuna, NY 

12309 (US). LUTHRA, Krishan. Lai; 780 Red Oak Drive. 
Schenectady. NY 12309 (US). 

(74) Agents: CHASKIN. Jay. L. et al.; General Electric Company, 
3135 Easton Turnpike W3C, Fairfield. CT 06431 (US). 



(81) Designated States: CZ, JP, KR. European patent (AT, BE, CH,, 
CY. DE. DK, ES, Fl. FR, GB, GR, IE, IT. LU, MC, NL. FT. 
SE). 

Published 

Without international search report and to be republished 
upon receipt of that report. 



(54)TiUe: CERAMIC WITH OXIDISABLE LAYER 
(57) Abstract 

An article comprises a silicon-containing substrate 
and an external enviFonmental/thermal barrier coating. The 
external envirorunent/thermal barrier coating is permeable 
to diffusion of an environmental oxidant and the sili- 
con-containing substrate is oxidizable by reaction with ox- 
idant to form at least one gaseous product. The article 
comprises an intermediate layer/coating between the sil- 
icon-containing substrate and the envunnmental/thermal 
barrier coating that is oxidizable to a nongaseous product 
by reaction with the oxidant in preference to reaction of the 
silicon-containing substrate with the oxidant. A method 
of forming an article, comprises forming a silicon-based 
substrate that is oxidizable by reaction with oxidant to at 
least one gaseous product and applying an intermediate 
layer/coating onto the substrate, wherein the intermediate 
layer/coating is oxidizable to a nongaseous product by re- 
action with the oxidant in preference to reaction of the 
silicon-containing substrate with the oxidant. 




*(Refeired to in PCT Gazette No. 6/2000, Section II) 



FOR THE PURPOSES OF INFORMATION ONLY 



Codes used to identify States party to the PCX on the front pages of pamphlets publishing international applications under the PCX. 



AL 


Albania 


ES 


Spain 


LS 


Lesotho 


SI 


Slovenia 


AM 


Armenia 


FI 


Finland 


LT 


Lidtnanta 


SK 


Slovakia 


AT 


Austria 


FR 


France 


LU 


Luxembourg 


SN 


Senegal 


AU 


Australia 


GA 


Gabon 


LV 


Latvia 


5Z 


Swaziland 


AZ 


Azerbaijan 


GB 


United Kingdom 


MC 


Monaco 


TD 


Chad 


BA 


Bosnia and Herzegovina 


GE 


Georgia 


MD 


Republic of Moldova 


TG 


Togo 


BB 


Baibados 


GH 


(Hiana 


MG 


Madagascar 


TJ 


Tajikistan 


BE 


Belgium 


GN 


Guinea 


MK 


The former Yugoslav 


TM 


Turkmen isian 


BF 


Burkina Paso 


GR 


Greece 




Republic of Macedonia 


TR 


Ttakey 


BG 


Bulgaria 


HU 


Hungaiy 


ML 


Mali 


TT 


Trinidad and Tobago 


BJ 


Benin 


IE 


freland 


MN 


Mongolia 


UA 


Ukrame 


BR 


Brazil 


IL 


Israel 


MR 


Mauritania 


UG 


Uganda 


BY 


Belarus 


IS 


Iceland 


MW 


Malawi 


US 


United States of America 


CA 


Canada 


IT 


Italy 


MX 


Mexico 


uz 


Uzbekistan 


CF 


Central African Republic 


JP 


Japan 


NE 


Niger 


VN 


Viet Nam 


CG 


Congo 


KE 


Kenya 


NL 


Netherlands 


YU 


Yugoslavia 


CH 


Switzerland 


KG 


Kyigyzstan 


NO 


Norway 


ZW 


Zimbabwe 


CI 


cote d'lvoire 


KP 


Democnoic People's 


NZ 


New 2!ealand 






CM 


Cameroon 




Republic of Korea 


PL 


Poland 






CN 


China 


KR 


Republic of Korea 


FT 


Portugal 






CU 


Cuba 


KZ 


Kazakstan 


RO 


Romania 






CZ 


Czech Republic 


LC 


Saint Lucia 


RU 


Russian Federation 






DE 


Germany 


LI 


Liechtenstein 


SD 


Sudan 






DK 


Denmailc 


LK 


Sri Lanka 


SE 


Sweden 






EE 


Estonia 


LR 


Liberia 


SG 


Smgapore 







